Phytoplankton sinking is an important property that can determine community composition in the photic zone and material loss to the deep ocean. To date, studies of diatom suspension have relied on bulk measurements with assumptions that bulk rates adequately capture the essential characteristics of diatom sinking. However, recent work has illustrated that individual diatom sinking rates vary considerably from the mean bulk rate. In this study, we apply high-resolution optical techniques, individual-based observations of diatom sinking and a recently developed method of flow visualization around freely sinking cells. The results show that in both field samples and laboratory cultures, some large species of centric diatoms are capable of a novel behaviour, whereby cells undergo bursts of rapid sinking that alternate with near-zero sinking rates on the timescales of seconds. We also demonstrate that this behaviour is under direct metabolic control of the cell. We discuss these results in the context of implications for nutrient flux to the cell surface. While nutrient flux in large diatoms increases during fast sinking, current mass transport models cannot incorporate the unsteady sinking behaviour observed in this study. However, large diatoms appear capable of benefiting from the enhanced nutrient flux to their surface during rapid sinking even during brief intervening periods of near-zero sinking rates.
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Phytoplankton sinking is an important property that can determine community composition in the photic zone and material loss to the deep ocean. To date, studies of diatom suspension have relied on bulk measurements with assumptions that bulk rates adequately capture the essential characteristics of diatom sinking. However, recent work has illustrated that individual diatom sinking rates vary considerably from the mean bulk rate. In this study, we apply high-resolution optical techniques, individual-based observations of diatom sinking and a recently developed method of flow visualization around freely sinking cells. The results show that in both field samples and laboratory cultures, some large species of centric diatoms are capable of a novel behaviour, whereby cells undergo bursts of rapid sinking that alternate with near-zero sinking rates on the timescales of seconds. We also demonstrate that this behaviour is under direct metabolic control of the cell. We discuss these results in the context of implications for nutrient flux to the cell surface. While nutrient flux in large diatoms increases during fast sinking, current mass transport models cannot incorporate the unsteady sinking behaviour observed in this study. However, large diatoms appear capable of benefiting from the enhanced nutrient flux to their surface during rapid sinking even during brief intervening periods of near-zero sinking rates.
Introduction
Diatoms are an abundant and ecologically important group of silicified eukaryotic phytoplankton that have successfully colonized both limnetic and marine systems. They are estimated to account for 20-40% of the oceanic primary production [1] . Unlike many other photosynthetic protists, diatoms lack structures for motility such as cilia and flagella in the dominant vegetative stage. The problem of their suspension and retention in the euphotic zone was recognized very early as a key aspect of their biology [2] and remains a central concept in defining their abundance and distribution. The fundamental aspects of diatom suspension are generally considered to be well understood with most cells as passive sinkers in a low Reynold's number environment and rates described by the Navier-Stoke's equation when cells are sinking at their maximum size-dependent rate [3, 4] .
However, diatom sinking rates are independent of cell size across a range of greater than 10 6 mm 3 in rapidly growing cells [4] . Cellular regulation of density has long been considered as means of regulating sinking rate [5] but difficult to measure, because the ions of interest are the same ions dominant in the surrounding seawater matrix. Detailed measurements coupled with ion-solvent interactions have shown clearly that diatoms can regulate their density sufficient to achieve even positive buoyancy [6] . Organic osmolytes required for osmotic balance as ion concentrations change can also significantly alter cell density [7] . This physiological regulation of density allows Ditylum brightwellii (and presumably other diatoms) to accommodate temperature and salinity-driven changes in seawater density without concurrent sinking rate changes [8] . Sinking rates increase with nutrient stress, in general, and vary with the type of nutrient limitation [8] . Light limitation can either increase [9] or decrease diatom sinking rates [10] ; diel changes are also observed [11] . Internal density regulation by diatoms is capable of generating positive buoyancy in both diatoms [12] and non-motile dinoflagellates [13] . While usually represented as a single number (+experimental error), diatom sinking rates are not uniform in populations [14, 15] ; rather, they are a distribution of cells with a variety of sinking rates, often with a range spanning the differences between mean sinking rates of healthy and senescent populations when individual particle tracking is used [14] . This is rarely reported in traditional bulk sinking rate measurements using the settling columns method SETCOL, although it is clearly implied by the simultaneous measurement of both positively and negatively buoyant cells in the same culture using this method [9] . Life cycle events such as auxosporulation can result in positive buoyancy within a population dominated by negatively buoyant cells [16] . Sinking rate is tightly linked to material flux around the cell via boundary layer replacement as modified by the turbulent field in larger cells and in cells of different shape [17] [18] [19] [20] . Therefore, an alteration in sinking rates can have a substantial impact on nutrient flux into a cell according to model predictions [21, 22] . However, not all cells benefit equally from sinking. A significant increase in nutrient uptake (more than 50%) over simple diffusion processes requires a cell size of at least 20 mm [17] independent of the sinking rate. Mann & Lazier [23] noted that physical models indicate a 50 mm diameter sinking cell could increase nutrient flux by 30-40% over pure diffusion by increasing sinking speed from 0 to 12 mm s
21
, whereas a sinking cell of 10 mm undergoing the same sinking speed increase would gain virtually no increase in nutrient flux over purely diffusive transport into the cell. Thus, the instantaneous velocity of diatoms affects the size of the nutrient-deplete boundary layer surrounding it although factors such as cell shape, size and fluid viscosity can also play a role.
The relative changes in mass transfer into the cell owing to flow and turbulence compared with pure diffusion are described by the Sherwood number (Sh). Sh is a dimensionless number that represents the ratio between the total nutrient flux arriving to the cell surface in the presence of fluid motion versus the purely diffusional flux and provides a measure of the relative enhancement of flux due to advection [17] . In the case of a non-moving cell in stagnant water, Sh ¼ 1. The flux enhancement described by the Sh is dependent on another dimensionless number, the Péclet number (Pe). Pe indicates the effectiveness of advective transport relative to diffusive transport though the fluid over a specified lengthscale [17] . In order to examine the effect of fluid motion on nutrient flux, a functional relationship between Sh and Pe is needed.
Traditional diatom bulk sinking rate measurements typically resolve changes on timescales of hours. By contrast, individual particle tracking in zooplankton allows resolution of velocities at the second-to-subsecond timescale [24] [25] [26] , although there appear to be no reports of its use for diatom sinking rates at this scale. The relevance to diatom sinking is that this is the timescale of interactions between nutrient uptake and the diffusion-limited boundary layer around the diatom [17] . In this study, we use high-resolution tracking of individual cells and a novel method of visualizing smallscale fluid flow around cells to present evidence of rapid buoyancy changes on a timescale of milliseconds. These unexpected results suggests cell-specific suspension properties on these timescales should be revisited in a variety of diatoms. We use reversible physiological inhibitors to demonstrate this behaviour is under active control of the cells (i.e. not a passive process) and then we then apply these new observations to accepted models of boundary layer replacement and evaluate the effects on general concepts of diatom suspension.
Material and methods (a) Collection and culture
For information on the collection and culture of diatoms, please see the electronic supplementary material.
(b) Inhibitor preparation and application
The myosin ATPase inhibitor, 2,3 butanedione monoxime (BDM) powder (Sigma-Aldrich), was stored at room temperature in the dark and fresh stock solutions were prepared using 0.2 mm filtered seawater media on the days of the experiments. These inhibitors were chosen because they have been proven to be effective physiological inhibitors of motion in other diatoms (benthic forms) [27] . The application followed previously established protocols [27, 28] . For details, see the electronic supplementary material.
(c) Kinematic experiments and analysis: cultures
Individual cell sinking kinematics for Coscinodiscus wailesii cultures were recorded with a Nikon 7100 DSLR camera equipped with a Nikon 105 mm 1 : 1 macro lens at 24 frames per second with 1920 Â 1080 pixel resolution. Illumination was provided by a 150 W fibre optic illuminator (Fisher Scientific) with attached collimator. Cells were filmed in a 500 ml vessel that had been temperature acclimated to the filming room for 30 min. To create a water column without convective currents, a salinity-stabilized water column was produced, using the method of O'Brien et al. [14] . Briefly, two filler tanks were filled with 0.45 mm pore size filtered seawater (FSW) with salinity in the primary filler tank diluted by two units with 18 megaohm deionized water. Both filler tanks were placed on magnetic stirrers at the same horizontal level. Filling of the filming vessel was accomplished by using the 'two-tank' method to create a linear, stable density gradient that eliminated convection cells. A valve was opened that connected the primary and secondary filler tanks, so that as water flowed out of the primary filler tank, higher salinity water was drawn in from the secondary tank, mixed by the magnetic stirrer and pumped into the observation chamber through a 'foot diffuser' fixed to the bottom of the tank, stabilizing the water column. This resulted in water density in the primary filler tank that increased gradually over time and produced a linear salinity gradient in the filming vessel. The rate of filling was controlled to approximately 50 ml min 21 to prevent mixing. The final salinity difference in the settling tank was approximately one unit over a depth of 15 cm.
During behavioural recordings, filming was performed in a vertical plane, and the focal plane was located at the centre of the filming vessel. Thus, only cells that were in focus and away from the vessel walls were quantified. For each species and experimental condition (i.e. cultured cells nutrient-rich, 2 days in FSW, 6 days in FSW), sinking behaviour of populations from two replicate subsamples was recorded and pooled for analysis. For cultured C. wailesii cells, recorded videos were imported into IMAGEJ (v. 1.48) software that was used to obtain sinking kinematic information of individual cells (for an example, see the electronic supplementary material, video S1). The field of view during recordings varied from 10 to 25 mm depending on the species being observed and recordings were made for 1 min. A minimum of 50 cells with sinking paths that covered the entire field of view of the camera were used for data analysis. Sequences were manually checked after processing to ensure cells were tracked accurately.
(d) Kinematic experiments and analysis: net-collected diatoms
The net-collected field samples were also filmed to ensure that observed behaviours were not merely a culture artefact. For wild cell and inhibitor observations, net-collected diatoms were placed in 50 ml tissue cultures flasks after removal of visibly swimming copepods and allowed to temperature acclimate for 15 min. Because small convective current motion could not be ruled out, individual cells were manually tracked along with adjacent particles. This permitted subtraction of the movement of in-focus particles (tracers of fluid motion) in the same plane as the cells (focal depth approx. 5 mm) as noted below so as to remove any bias of potential convection in observed cell movements. Owing to the labour intensiveness of this manual data collection, only a small number of randomly selected cells from each treatment were analysed (n ¼ 3).
(e) Flow around cells
To quantify flow fields around individual cells and to ensure cell movement was not purely a function of convective fluid artefacts, we employed a new method of micro-particle image velocimetry (mPIV) around sinking diatoms [29] . Briefly, this method uses long working distance objective lenses (10Â) to create a thin 'optical sheet' for resolving tracer particles in the fluid surrounding the organism. Seeding particles consisted of unicellular microalgae, Nannochloropsis oculata, which are approximately 2 mm in diameter. Nannochloropsis oculata was chosen as a seeding particle owing to its small size, near neutral buoyancy and ability to resist clumping. Fluid velocity vectors from motion of particles within the focal plane were determined from sequential images analysed using a cross-correlation algorithm (LAVISION software v. 8.2). Image pairs were analysed with shifting, overlapping interrogation windows of a decreasing size of 64 Â 64 to 32 Â 32 pixels. Subsequently, the instantaneous vorticity field, v(x, z, t), was calculated from the instantaneous velocity vector field, where x and z are, respectively, the horizontal and vertical coordinate of the focal plane, and t is time. The experimental data have been deposited at the Dryad Digital Repository (doi:10.5061/dryad.fp5cn). Peak sinking speeds used in statistical analysis were based on the maximum instantaneous sinking speed of each individual cell over the observational period (30 s) as determined from distancetime differences between two successive frames. Statistical comparisons were performed, using SIGMAPLOT (v. 13.0) software. We compared the difference in kinematics using a one-way ANOVA or Student's t-test (when only two groups were compared). All data were log-transformed and checked for normality, using a Shapiro-Wilk test.
Results
We recorded the sinking behaviour of three species of large (100þ mm diameter) centric diatoms native to the Northern Gulf of Mexico (C. ). However, C. radiatus displays a higher relative sinking rate (cell diameters s
21
) than the two larger species. Peak instantaneous sinking rates of C. wailesii and P. hardmaniana were not significantly different and all species exhibited similar minimum sinking rates (0.01-0.02 mm s 21 in stop phase). This back-and-forth transition of sinking rates occurs quickly, within 200-300 ms (four to seven frames). We refer to this sinking behaviour as 'startstop' owing to the appearance of cells to hang almost motionless in the water column and then sink rapidly for a brief period, then quickly return to a near motionless state. Both 
where r is the fluid density, V is the instantaneous sinking speed, D is the cell diameter and m is the dynamic viscosity of the fluid. Re for cells under nutrient replete conditions was the lowest and did not exceed 8 Â 10 22 during the rapid sinking phase. Cells that experienced the most nutrient-deplete conditions (6 days in FSW) had the highest observed sinking rate (figure 2) and experienced the greatest Re. This confirmed that viscous forces dominated fluid conditions at all observed sinking speeds. The sinking pattern changed under nutrient stress (figure 2) with cells in nutrient-deplete conditions (48 h in FSW) spending more time in the fast sinking phase (electronic supplementary material, figure S1 ). Individual cells underwent start -stop in all nutrient treatments (figure 2) although the distribution and pattern of start -stop changed with the treatment. Both the maximum and minimum instantaneous speed increased with increasing time in FSW, although the effect was most pronounced for maximum sinking speed. Under nutrient replete culture conditions, C. wailesii cells spent significantly more of their time ( p 0.001, t-test, n ¼ 69) in a slow sinking state (stop phase; less than or equal to 0.1 mm s 21 ) compared with the fast sinking phase (start phase; greater than 0.1 mm s
; electronic supplementary material, figure S1 ). Cells sank at significantly faster rates ( p 0.001, ANOVA, n ¼ 45), both in the start and stop phases when they were subjected to nutrient stress (in FSW only) for 2 or 6 days. A snapshot of C. wailesii population sinking speed (figure 3) illustrates the range of sinking rates within a sample under the three different time states (nutrient-replete, 2 and 6 days in FSW). Few cells are at the maximum sinking rate in nutrient replete medium, whereas the population is heavily skewed towards near maximum sinking rates in the 6 day treatment. Only under the longest exposure in low-nutrient seawater did cells reach peak instaneous sinking rates of senescent/dead cells (approx. 0.77 mm s 21 ; figures 2a and 3c).
Addition of metabolic inhibitors (figure 4) eliminated the start-stop behaviour in nutrient-replete C. wailesii. Here, the 
Discussion
The dynamic start -stop sinking behaviour observed in three species of centric diatoms (C. wailesii, C. cf. radiatus and P. hardmaniana) is a diatom behaviour operating at a timescale that was previously unrecognized. It may have important implications for the ability of cells to take up nutrients by altering the nutrient-deplete boundary layer around the cells. Because both size and sinking rate affect this layer, it directly addresses questions of size-dependent nutrient competition in phytoplankton and suggests a mechanism that may allow larger cells to compete with smaller cells that have higher surface area-to-volume ratios. For some species of centric diatoms, a larger size could be evolutionarily advantageous because it results in populations being less prone to losses from microzooplankton and small mesozooplankton grazers [30] . This comes with a trade-off in that these cells must now contend with a surface areato-volume ratio problem for obtaining sufficient nutrients to sustain growth and compete against smaller cells with much higher surface area-to-volume ratios [31] . On this basis, it would appear as though small diatoms would have a competitive advantage over their larger relatives. However, swimming or sinking can dramatically increase the nutrient uptake rate of a cell [17, 21, 22, 32] . For diatoms, this effect is most pronounced in larger cells (greater than or equal to 100 mm diameter) and has been used as an explanation for the otherwise detrimental strategy of high sinking rates as a planktonic organism [32] . Because maximum sinking rates in diatoms are a direct function of cell size, small diatoms (less than or equal to 20 mm diameter) achieve virtually no increase in nutrient uptake from sinking [17] .
Our results have added additional complexity to diatom suspension by introducing regulation of instantaneous sinking rates on a scale of seconds. In order to examine the effect of fluid motion on nutrient flux, a functional relationship between the Sherwood number (Sh) and the Péclet number (Pe) was calculated. Pe is calculated as in Karp-Boss et al. [17] :
where U is the sinking speed (cm s
21
), r 0 is the cell radius (cm) and D is the molecular diffusion constant for nitrate However, the equations used to calculate Sh and Pe are suited only for estimating total flux to a cell sinking at a constant rate [17] and cannot be used at non-equilibrium conditions where the velocity is changing at timescales similar to diffusion across the cell boundary layer. We are not aware of any models that would allow us to estimate relative flux enhancement occurring on a temporal scale of seconds under fluctuating sinking speeds. Therefore, to understand the benefit of rapid sinking velocity changes, we consider how the time required to deplete nutrients in the boundary layer is coupled to the time constant for replacement of the volume by start -stop.
During a short burst of rapid sinking, a cell has a reduced boundary layer and enhanced Sh compared with a continuously sinking cell. At the end of this short burst of rapid sinking, the cell becomes neutrally buoyant (i.e. negligible sinking speed). However, nutrient flux to the cell will remain enhanced for a period of time. The time required to establish a new nutrient-depleted region is dependent on cell size and given by Pasciak & Gavis [33] as
where t is the time to establish steady-state diffusion, R is the radius of the cell and D is the diffusivity of the nutrient (1.5 Â 10 25 cm s
). For a small cell with a radius of 25 mm, it takes only 0.42 s to reach steady-state diffusion. Here, undergoing a prolonged 'stop' phase would significantly hinder nutrient uptake as a nutrient-depleted boundary layer will be established very quickly. However, in the case of a large cell such as C. wailesii (R ¼ 125 mm), it will take 10.4 s to reach steady-state diffusion. Thus, a large cell that has just entered the stop phase of the unsteady sinking behaviour will continue to benefit from the fast sinking burst for several seconds before greatly depleting the boundary layer of nutrients.
Our experimental data with C. wailesii show the amount of time spent in the stop phase remains well below the threshold for fully establishing the nutrient-depleted boundary layer (figures 1 and 2 and electronic supplementary material, video S1). This suggests that the entire time cells are exhibiting greatly reduced sinking in the stop phase they never actually reach the conditions of a cell that maintains a long period of little or no sinking. Thus, cells in the stop phase never actually experience the problematic condition diffusion-limited nutrient uptake, because as long as they are stopped (i.e. very slow sinking), cells can still experience the enhanced flux from the previous fast burst of sinking. Before a cell reaches a state where diffusion-limited uptake can occur, it undergoes another burst of rapid sinking where the Sh can be substantially higher than that of a continuous sinker.
This information also provides some insights into the lower limit of cell size that could potentially take advantage of an unsteady start -stop sinking pattern. Cells less than 100 mm in diameter that stop sinking would form a nutrient-deplete region dominated by diffusion in less than 2 s. We therefore suggest that the lower size limit for cells that can reasonably take advantage of the start -stop sinking behaviour is approximately 100 mm. Stop phase durations for progressively smaller cells would have to become very brief in order to avoid entering a state of diffusion-limited uptake and would quickly reach a point where the ability of cells to physiologically respond to changes in nutrient (20- 100 mm) , although a startstop behaviour in which the cell's stop phase sinking speed is significantly greater than zero could extend the advantage of the start -stop behaviour to cells slightly smaller than 100 mm. An example of this can be seen in figure 2 where cells in more nutrient-deplete states had higher minimum sinking rates that may function to slow or prevent the formation of a boundary layer that is fully diffusion dominated. It should also be noted that the nitrate symport system of large diatoms may need to be active only 4% of the time [34] , further making brief pauses in sinking rates less problematic than it might appear.
Investigations into other microorganisms that employ a 'squirming' locomotion pattern may also provide some additional clues to understanding the adaptive significance of this start-stop behaviour in large diatoms. Magar et al. [35] modelled an idealized swimming microorganism that had an oscillating kinematic pattern of locomotion and found that Sh for a squirmer increases as the square root of Pe, compared with the cube root for a non-oscillating cell. This results in a larger Sh for the oscillating cell at a given swimming speed compared with a non-oscillating spherical cell moving at a constant rate. These results suggest that unsteady sinking behaviour of some diatoms could function somewhat analogously to microorganism squirming whereby the average flux enhancement over the entire start-stop sinking cycle would depend on a value closer to the square root of Pe rather than the cube root of a steady-state sinker. The result would be an overall enhanced mass transport of nutrients to the cell surface relative to a continuously sinking cell (figure 6b).
Coscinodiscus wailesii and at least two other diatoms can change their sinking rate nearly an order of magnitude by transitioning from a slow sinking state up to sinking at maximum rates observed for dead cells and then rapidly transition back again (figure 2; electronic supplementary material, video S2). With changes in speed only observed in the vertical direction, options for rapidly changing speed are limited. One possibility for rapid buoyancy control is extruded material by cells such as exopolymeric secretions (EPS) or transparent exoploymer particles (TEP). This material, attached to the outside of the cell, could theoretically increase drag and slow sinking given that some of these secretions are known to be positively buoyant [36, 37] . However, visualizing the flow fields around C. wailesii (figure 6 and electronic supplementary material, video S5) supported the notion that buoyancy control is being regulated internally, instead of with EPS/TEP secretion. To the best of our knowledge, this is the first time flows have been visualized around individual diatoms. No evidence of external buoyancy control (i.e. increase in drag) from mucoid secretions of TEPs was observed. Even if the TEP material was too transparent to be seen with standard brightfield imaging, we still would have expected to observe areas lacking fluid tracer particles to appear during transition from slow-to-fast sinking states during PIV measurements as TEP was secreted. Furthermore, TEP secretion as a means of rapid buoyancy control would probably require a large energy investment as material would be lost each time the cell transitioned to a new sinking rate.
The most likely explanation for such a rapid change in sinking rate appears to be through an alteration of the cell's density. Given the large vacuoles in these diatoms, it appears plausible that ion regulation of the cell sap could account for such density differences given that this is well within the range of cell densities under metabolic control [6, 13, 38, 39] and appears quite feasible from the Navier-Stokes equations
where V s is the sinking velocity, r c is the density of the cell, r f is the density of the fluid and v is kinematic viscosity of the fluid. Based on sinking data, C. wailessi requires a less than or equal to 1.5% change cell density to achieve the observed results (see the electronic supplementary material). The elimination of start-stop by a myosin ATPase inhibitor (BDM) and an actin inhibitor (Lat A) are consistent with a metabolically controlled process (figure 4). Together with the observation that C. wailesii increased the time spent in the fast sinking phase under reduced nutrient conditions (electronic supplementary material, figure S1 ) implies that there is a significant metabolic cost to reducing the sinking rate. This reinforces the observation that a cell's energy budget may be linked to sinking rate control [16] and extends it to a subsecond timescale. The speed of the transition from fast to slow sinking is consistent with ion pumps as well. Our inhibitor data indicate that the start -stop behaviour is under direct, rapid metabolic control. Mechanisms for diatom buoyancy controls that support these changes of this magnitude are ion regulation of cell sap density [40] and use of organic osmolytes [7] . We are unaware of any studies that can be used to address the timescale of osmolyte regulation at the subsecond timescale; however, there is a significant literature on ion flux and its role in created electrochemical gradients that is relevant. More to the point, much of this work has been done specifically on C. wailesii. Using patch-clamp electrodes, Boyd & Gradmann [41] noted that C. wailesii changes its electrochemical characteristics rapidly in the absence of known stimuli on the timescale of 0.01 -10 Hz and exhibits oscillations between physiological states [42] . Of particular interest were the observations of both saw-tooth oscillations in the membrane potentials with periods between depolarization that varied from 11 to 72 s as well as complex potentials characterized by transient hyperpolarization [41, 43] . For buoyancy regulation, there are two relevant points: this timescale is consistent with the scale of start -stop in our nutrientreplete cultures and the electrical potentials are driven by ion fluxes on a scale that would modify buoyancy. Subsequent work indicated K þ pump activity on the order of 100 ms and K þ selectivity over Na þ and Cl 2 that could vary by 10 3 [42] . Taylor [44] reported the existence of fast Na þ /Ca 2þ action potentials in Odontella, another large diatom, that have animal-like characteristics (rapid inactivation recovery with a time constant of 6.74 + 0.24 ms) similar to invertebrate and vertebrate muscle tissue. Thus, the potential for rapid ion exchange sufficient to modulate buoyancy responses exists, operates on a timescale relevant to start-stop behaviour, and involves ions known to be important for buoyancy regulation [6] . The adaptive value of behaviour is often hard to interpret and this novel aspect of diatom suspension is not an exception. There is a nutrient acquisition value to movement and a reduction in sinking losses by varying sinking rates on short timescales. We suggest the following explanation for the shift in the proportion of time spent in a fast sinking state (start phase) versus a more buoyant state (stop phase) rspb.royalsocietypublishing.org Proc. R. Soc. B 283: 20161126 under various levels of nutrient stress. As nutrients become exhausted surrounding the cell, diffusion limitation of nutrient uptake will reduce potential for growth. Thus, movement is needed to enhance the potential flux of nutrients into the cell as indicated by the relationship between the Péclet number and Sherwood number. Rapid sinking can increase nutrient flux up to 170% according to physical models (figure 6 and see the electronic supplementary material). At sufficient nutrient concentrations, cells need only brief periods of rapid sinking every 5-10 s to replenish the nutrient deficit around the cell before diffusion-limited transport becomes established (10.4 s for C. wailesii). This would allow cells to minimize their mean sinking rate while avoiding diffusion-limited nutrient uptake.
As ambient nutrients decline in the environment, higher sinking speeds and a greater proportion of the time spent in a fast sinking state would be required to maintain nutrient flux into the cell. In addition, minimizing the time spent in stop phase and increasing the stop phase sinking speed can help maintain flux at the cost of higher mean sinking rates. This is the pattern observed in C. wailesii after 2 days in FSW. The stop phase sinking speed of C. wailesii increased as did the start phase peak speed compared with nutrient replete cells. Under the most severe nutrient-depleted case tested (6 days), cells spend almost all of their time in a fast sinking state. Our model suggests this is because ambient nutrient concentrations in the water are so low that even sinking at rates similar to that of dead cells (terminal sinking rate) for long periods (more than 5 s) can only allow a cell to reduce its sinking rate a small amount for a short period before nutrient limitation becomes a factor.
In summary, the identification of such rapid changes in cell sinking rates for large centric diatoms and evidence of this phenomenon being actively regulated by the cell provides new insights and questions into the ecology of this abundant and important group of phytoplankton. Short bursts of rapid sinking appear to represent a competitive advantage for large diatoms. These short bursts allow large cells to temporarily shrink their boundary layer significantly beyond what is capable from average sinking speeds reported in the literature. Brief pauses in sinking do not appear to suffer from such dramatic reductions in mass transport given by steady-state flux equations. Cells can undergo a subsequent burst of rapid sinking before diffusion limitation within the boundary layer becomes established. This may allow cells to more quickly assimilate nutrients and readily respond to changes in nutrient concentrations; however, this is not easily modelled using equilibrium relationships for nutrient concentrations, diffusion and boundary layers. While we have examined the consequences for nutrient uptake by start-stop behaviour, other possibilities exist. For example, pH and O 2 gradients near the cell could be affected by episodic versus sustained boundary layer replacement. Both carbon speciation [45] and even parasite susceptibility [46] may change in response to periodic versus sustained sinking as it impacts pH gradients near the cell.
Further investigation is necessary to understand how widespread this dynamic 'start-stop' behaviour is among diatoms. The identification of additional factors that regulate this behaviour such as turbulence as well as the underlying mechanisms that control such rapid changes in buoyancy should be explored in more detail. Finally, the development of flux models under rapidly varying speeds is needed to quantify the enhanced flux from unsteady sinking and thus the adaptive value of this novel behaviour.
Data accessibility. The experimental data have been deposited at Dryad Digital Depository: http://dx.doi.org/doi:10.5061/dryad.fp5cn [47] .
